Abstract-Accurate hand-eye calibration is a very significant task in robotics. Many algorithms focus on 2 L optimization, and Least Square Estimation (LSE) is usually employed to deal with this problem. For the reason that LSE can only be applied to occasions that errors obey normal distribution, LSE can lead to a lower precision of calibration result when gross errors occur. Different from the existing approaches, this paper introduces an error distribution estimation based weighted LSE for hand-eye calibration task. Firstly, transformation matrix is computed by traditional LSE. Error distribution is estimated on the basis of Gaussian kernel density estimation. Each data is weighted according to the density estimation and the fine result can be conducted by the weighted data. To evaluate the proposed method, an experiment was designed and the test result demonstrates the robustness of the proposed approach.
INTRODUCTION
With the development of perceptual technology, machine vision has been introduced into intelligent robot domain. For the reason that depth information can be acquired, stereo vision system has been one of the most popular vision sensors. In general, the accuracy of object location detection closely relies on the precision of robot hand-eye calibration. Accordingly, hand-eye calibration has been a very important research direction in machine vision. In robot system, camera can be installed in two types according to the position relationship between robot and camera. The first one is Eye-In-Hand type, which means to install the camera at the end of the robot hand. The other one is to fix the camera, or called Eye-To-Hand type. In service robot system, which can be seen in Figure 1 , cameras are tend to be installed in the Eye-To-Hand way for convenience. For the purpose of solving the problem of hand-eye calibration, putting high-precision measuring equipment to use is the most direct way. However, owing to high cost and complex operation, direct measuring approach has not been applied widely. An alternative solution is to compute the transformation parameters between the robot and the camera.
Early solutions were proposed to solve the hand-eye calibration problem with linear solutions. These solutions are all based on decomposing the transformation matrix into rotation and translation matrix. In 1989, Tasi and Lenz [1] presented a linear algorithm with high efficiency. Lee [2] gave a simplified solution for self-calibration based on motion estimation. Daniilidis [3] introduced a dual quaternions based approach to represent rotation and translation. Chou and Kamel [4] raised a SVD-based algorithm to determine rotation transformation. Horaud [5] proposed a Levenberg-Marquardt based method for rotation and translation matrix computation simultaneously. Another solution for hand-eye calibration is based on nonlinear optimization. Zhuang [7] constructed a holistic model for the hand-eye system and the robot actuator. The goal of the model is to minimize the Frobenius norm of the transformation matrix. Wei [8] introduced an automatic calibration method on the basis of minimizing algebraic distances.
Although methods above have been proved to be effective, error distribution characteristic was not taken into consideration. In fact, outliers can cause the computation result to deviate from the actual value. To solve the problems of traditional LSE mentioned above, we proposed the error distribution estimation based weighted least square estimation method for robot hand-eye calibration. Experiment results proved that the proposed method can lead to better result than the traditional LSE.
II. ROBOT HAND-EYE CALIBRATION MODEL
A. Least Square Estimation based hand-eye calibration
in the camera coordinate system and the robot coordinate system respectively. In fact, i p can be measured by the stereo camera. In the service robot system, on the other hand, transformation parameters between the gripper coordinate system and the robot coordinate system can be conducted according to mechanical dimension in advance. Then In the upper equation, R and T are the rotation matrix and translation matrix respectively. As a rotation matrix, R implies that T R R I (2) Here, I is the identity matrix. The goal of hand-eye calibration is to estimate the parameters R and T . The most commonly used method is Least Square Estimation, which can be explained by the following equation. , argmin arg min
Then, compute the partial derivative of F with respect to T .
The translation matrix T can be derived by searching for the roots of equation (5). ' T p Rp (8) The optimization objective function (4) can be rewritten as
The rotation matrix R then can be described as
Rg h Rg h g g h Rg g R h h h g g h Rg h h
Accordingly, R can be estimated as 1 arg max arg max tr arg max tr
Because of the special properties of the rotation matrix R , singular value decomposition (SVD) is to be computed. However, the traditional LSE has weak robustness when system errors don't obey the normal distribution. Besides, the performance of LSE would decrease in the case of gross error. In order to solve these problems, some robust estimation methods were proposed, such as L-estimation, M-estimation, R-estimation methods and so on [9] [10] [11] . Although these methods are quite sufficient, the iterative process of these methods is time-consuming. In our work, error distribution estimation based LSE was employed to improve computation efficiency and estimation accuracy. Here, we provide a pipeline framework to reduce the effect of gross errors.
For the purpose of improving the accuracy of LSE, original data with gross errors should be eliminated. However, it is difficult to distinguish between good and bad data. As far as can be concerned, the chance of gross errors is quite small, and gross errors are usually far from the center of error distribution. According to equations (17) and (18), coarse results of R and T can be estimated. Then errors can be computed based on equation (19). In order to find out gross errors, error distribution characteristic needs to be identified. Data corresponding to the errors that are far from the maximum density point can be seen as outliers. Nevertheless, it is still difficult to pick out outliers for the reason that there is no clear boundary between good and bad data. Rather than eliminating outliers, giving the outliers small weights is a more reasonable solution. The direct way is to set the weights to the corresponding error density values. Error distribution can be estimated by using kernel density estimation as the following equation.
In the upper formula, h is the window width, h f is the error distribution estimation result and ( ) K is the kernel function. In our work, Gaussian function was selected as the kernel function.
Accordingly, formula (3) can be rewritten as follows. , argmin arg min
The rotation matrix can be estimated according to 1 arg max arg max tr arg max tr
Similarly, the new singular value decomposition equation (15) is svd( )
Equations for computing the rotation matrix R and the translation matrix T are the same as equations (17) and (18).
III. EXPERIMENTAL METHODOLOGY
We are working on a new kind of home-service robot for the use of object detection and grasp. In order to validate the proposed method, we designed a hand-eye calibration experiment. A calibration board was applied in the experiment. As illustrated in Figure 1 , we used the stereo camera to measure the coordinate of each corner point on the calibration board. Afterwards, we directed the robot gripper to each point and computed the coordinate of the corner in the robot coordinate system. Finally, a point-to-point set was achieved. The rotation and transformation matrices were computed on the basis of traditional LSE and the proposed method. In order to compare these two methods, 110 pair of points were used to estimate the transformation matrix and another 40 pair were used to evaluate errors.
Results of the traditional LSE method and the proposed method are shown in Table . Error distribution estimation results could be seen in Figure 2 . Reconstruction accuracy of LSE and the proposed method is illustrated in Table . According to the Table 2 , the proposed method leads to a higher precision compared with the traditional method. In our work, the accuracy is adequate for object manipulation.
IV. CONCLUSIONS
In this paper, we proposed an error distribution estimation based weighted LSE method for hand-eye calibration. By decreasing the influence of outliers, the proposed method takes an advantage of high accuracy compared to the traditional LSE method. In this context, the proposed hand-eye calibration method is of great significance to robot object manipulation.
